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Glen B. Deakin1,2, Allan J. Davie1, Shi Zhou1
1School of Health and Human Sciences, Southern Cross University, Lismore, New South Wales, AUSTRALIA
2Institute of Sport and Exercise Science, James Cook University, Cairns, Queensland, AUSTRALIA
Cycle tests for maximal oxygen uptake (V
.
O2max) have traditionally used incremental resistance protocols (RP) at
a constant cadence. The purpose of this study was to evaluate whether an incremental cadence protocol (CP)
using a constant resistance relative to gross body mass was as reliable and valid in eliciting V
.
O2max as RP in
trained cyclists. Ten male recreational cyclists aged 25.2 ± 6.8 years completed two CP and one RP trials in a
randomized order over a 3-week period. The CP started at a workload of 2.75 W per kg body mass, with the
cadence increased by 10 rpm each minute from 70 rpm. The RP started from 125 W with workload increased
25W each minute with a constant cadence of 90 rpm. The results showed no significant differences between the
CP (mean of the two CP trials) and RP for peak V
.
O2 (3.9 ± 0.6 vs. 4.0 ± 0.8 L·min−1), peak ventilation
(140.5 ± 22.8 vs. 143.0 ± 27.1 L·min−1) and post-exercise blood lactate (11.4 ± 2.1 vs. 11.9 ± 1.6 mmol·L−1),
while peak heart rate (183.9 ± 10.5 vs. 187.5 ± 11.4 beats·min−1) and peak workload (319.9 ± 60.2 vs. 375.1
± 67.3W) were significantly less for the CP than the RP. For the two CP trials, the intraclass correlation coefficient
for test–retest reliability was 0.96, the technical error of measurement (TEM) was 0.17 L·min−1, and the relative
TEM was 4.35%. The results indicate that the CP is equally effective in eliciting V
.
O2max as the RP and is a reliable
method of measuring V
.
O2max in trained recreational cyclists. [ J Exerc Sci Fit • Vol 9 • No 1 • 31–39 • 2011]
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Introduction
Over the years, an array of V
.
O2max testing protocols has
been developed to measure cyclists’ V
.
O2max (Bentley 
et al. 2007; Faria et al. 2005; Zhang et al. 1991; McKay &
Banister 1976; Hermansen & Saltin 1969). To date, the
majority of these protocols has been almost exclusively
carried out using incremental resistance protocols with
constant gear ratios and cadences. It has been acknowl-
edged that protocols using incremental resistance at a
fixed cadence should reflect the level of skill and ability
of the subjects. For instance, 90 revolutions per minute
(rpm) may be recommended for trained cyclists, whilst
50–60 rpm may be used for untrained subjects or non-
cyclists (Smith & Pickard 1998; Thoden 1991). Whilst
this type of protocol has been widely accepted as a reli-
able and valid measure of V
.
O2max (Faria et al. 2005;
Kelly et al. 1980; McArdle et al. 1973), there has been
little information in the literature on the use of an incre-
mental cadence protocol for this purpose.
Cadence has not been commonly used as a vari-
able to increase workloads in cycle V
.
O2max tests, yet 
it is often used in treadmill running protocols for trained
athletes, i.e., increasing speed (step frequency) at a
given slope (Smith & Pickard 1998). Early studies 
into the effects of cadence and resistance on cycle 
efficiency and V
.
O2max have led investigators to notice
that competitive cyclists prefer pedaling at cadences
above those identified as the most efficient (Rossato 
et al. 2008; Marsh & Martin 1993; Hagberg et al. 1981;
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Hoes et al. 1968). It is now generally accepted that
cadences in the range of 80–110 rpm are the preferred
pedaling rates of trained cyclists (Brisswalter et al. 2007;
Faria et al. 2005; Foss & Hallén 2004; Lepers et al. 2001;
Lucía et al. 2001; Smith & Pickard 1998; Marsh &
Martin 1993; Hagberg et al. 1981). An issue of concern
with incremental cadence cycle protocols is that the
pedaling rate becomes too high to be maintained accu-
rately in the final stages of the protocol (Francis et al.
1989). Although the subject is still experiencing an
increase in internal work (Böning et al. 1984; Hagberg 
et al. 1981), there might be a feeling of “unloaded” ped-
aling at high cadences (outstripping) and hence the
maintenance of accurate cadence levels is difficult. This
problem of cadence outstripping resistance provided by
cycle ergometer may be overcome by using an initial
workload relative to body mass.
Although with advances in technology, electromag-
netically-braked ergometers have become available in
which a given workload can be set by a combination
of variable resistance and cadence, the question on
the reliability of incremental cadence protocol still has
not been addressed. The aim of this study was to eval-
uate whether an incremental cadence protocol, using
an initial resistance relative to body mass, is equally
effective and reliable in eliciting V
.
O2max as an incre-
mental resistance protocol in well-trained recreational
cyclists and triathletes.
Methods
Experimental design
Each subject completed three V
.
O2max tests within 
3 weeks. Two of the tests used an incremental cadence
protocol (CP) to determine the test–retest reliability,
and one test used an incremental resistance protocol
(RP) since the reliability of an RP protocol had been
previously investigated in our laboratory (Zhou & Weston
1997). The mean outcomes of the two CPs were used
to compare with that of the RP. The order of the tests
was randomly allocated for each subject and there was
a minimum of a 5-day interval between the tests.
Three days before the first test session, subjects were
required to attend a familiarization session for the test
procedures, gas collection equipment and the cycle
ergometer.
Subjects
Ten male recreational cyclists and triathletes, who were
actively competing in local road cycling or triathlon
races, volunteered for the study. Their mean ± standard
deviation age, height and mass were 25.2 ± 6.8 years,
1.76 ± 0.08 meters and 71.20 ± 12.86 kg, respectively.
The experimental procedure was approved by the
Human Research Ethics Committee of the University,
and a written informed consent was obtained from
each subject prior to testing.
Procedures
A 5-minute warm-up at a workload of 50–60 
Watts (W) with a cadence of 90rpm was performed prior
to each V
.
O2max test. The subjects were then required to
rest on the ergometer for 3 minutes before one of the two
protocols was subsequently performed as below.
RP: The subjects were required to maintain a con-
stant cadence of 90 rpm whilst the workload was
increased by 25 W each minute from an initial work-
load of 125 W.
CP: The subjects were required to start at an initial
relative workload (2.75 W per kg of body mass) with
the cadence increased by 10 rpm each minute from an
initial cadence of 70 rpm.
The tests were terminated when the designated
workload or cadence could no longer be maintained
by the subjects or at volitional exhaustion. The V
.
O2max
(peak value in each test) was determined as the high-
est mean values for 30 seconds. The following criteria,
as frequently used in the literature, were used to evalu-
ate whether the peak V
.
O2 could be regarded as the
true maximum value (Midgley et al. 2007; Howley 
et al. 1995):
• Oxygen uptake  showed a plateau, i.e., further
increases in workload or cadence resulted in less
than ±150 mL·min−1 variation in oxygen uptake.
This measure was used as the primary criterion for
V
.
O2max. The four measurements below were used
as the secondary criteria.
• Respiratory exchange ratio (RER) exceeded 1.15.
• Blood lactate level exceeded 10 mmol·L−1.
• Heart rate (HR) reached age-predicted maximum
(calculated as 220 minus age).
• Volitional exhaustion [rate of perceived exertion
(RPE) ≥ 18 (Borg et al. 1987)].
Equipment and materials
All tests were performed in an air-conditioned laboratory
(~22°C) and on a mechanically-braked cycle ergometer
(Monark 868; Monarch Exercise AB, Vansbro, Sweden).
The ergometer was modified with a custom-made elec-
tronic device (Southern Cross University, Australia),
which was calibrated prior to each testing session, to
32 J Exerc Sci Fit • Vol 9 • No 1 • 31–39 • 2011
monitor and display the cadence (rpm), resistance (in
Newtons), and workload (WL, in Watts). The visual
feedback provided by the device allowed the subjects
to maintain the designated cadence, and the researcher
to tune the resistance to the designated workload.
During the familiarization trial, the seat height of
the ergometer was adjusted for each subject’s leg
length, so as to allow each subject to have their pre-
ferred flexion of the knee joint when the pedals were
in the bottom position. The handle bar height and
position was adjusted to accommodate each subject’s
trunk and arm length. The subjects also used their
own bicycle pedals (all subjects had clipless pedals)
and shoes. The individual setup of the cycle ergometer
was recorded for each subject to ensure that the same
position was used in each of the tests.
The expired respiratory gases were collected every
second and averaged at 15-second intervals via a custom-
assembled indirect calorimetry system (Southern Cross
University, Australia), including a Hans Rudolph 2700
two-way respiratory valve (Hans Rudolph Inc., Shawnee,
KS, USA), Morgan OA-ZR19 oxygen analyzer (P.K.
Morgan, Chatham, Kent, UK), Morgan 801B carbon diox-
ide analyzer (The Analytical Development Co. Ltd.,
England), a 098 ventilometer (P.K. Morgan) and an ECG
unit (302 Rigel Cardiac Monitor; P.K. Morgan). After
analog to digital conversion, the output signals from the
system were fed into a computer and analyzed and dis-
played on screen using custom-built software (Southern
Cross University, Australia). The system was calibrated
prior to each test.
Prior to commencing each test as well as within 90
seconds of the completion of the test, a finger prick
blood sample was collected for analysis of pre- and
post-exercise blood lactate levels. The whole blood lac-
tic acid concentration was analyzed using a YSI-1500
Sport L-lactate Analyzer (Yellow Springs Instruments
Inc., Yellow Springs, OH, USA).
Each subject’s body mass was measured prior to
commencement of the test using an electronic scale
and recorded to the nearest 0.01 kg. The body mass
was used to determine the initial workload in the
cadence protocol.
Each subject completed three V
.
O2max tests in one
of the three orders:
• Order 1: RP  CP  CP
• Order 2: CP  RP  CP
• Order 3: CP  CP  RP
Four subjects completed Order 1, three completed
Order 2 and three completed Order 3. ANOVA with re-
peated measures, with the Order as the between-subject
factor, was used to determine if there was a test order
effect. No effect of test order was found on peak V
.
O2
(absolute and relative), heart rate (HR), minute ventila-
tion (V
.
E), respiratory rate (RR) or post-exercise blood
lactate levels (BL) (all p > 0.05).
Statistical analysis
Descriptive statistics (mean ± standard deviation) were
reported for all performance variables. The degree of
reliability of the CP was determined by calculation of
the intraclass correlation coefficient (ICC, two-way ran-
dom, consistency, single measures), whilst the level of
precision was determined by calculation of the techni-
cal error of measurement (TEM, absolute and relative)
for each variable measured. A multivariate analysis of
variance with repeated measures (RMANOVA) was also
undertaken to determine if there was any significant
difference between the dependent variables of the two
CP trials. The mean of each variable from the two CP
trials was utilized for comparison with the RP.
Pearson’s product moment correlation coefficient was
used to examine the relationship in the peak values of
the physiological and workload variables between the
CP (mean value) and the RP. RMANOVA was used to
determine if significant differences existed between
the CP and RP. An alpha level of p ≤ 0.05 was used to
identify significant differences between mean values
for all MANOVA analyses. All statistical analyses were
completed using SPSS version 17.0 (SPSS Inc., Chicago,
IL, USA).
Results
Test–retest reliability of the cadence protocol
The cadence protocol showed high test–retest reliabil-
ity and precision (Table 1). Absolute V
.
O2max, WL and V
.
E
showed the highest ICC (0.96, 0.94 and 0.91, respec-
tively), and less than 5% relative TEM (4.35%, 4.70%
and 4.93%, respectively) values. Relative peak V
.
O2 and
HR also showed acceptable ICC (0.84 and 0.87,
respectively), and lower relative TEM (3.36% and
2.05%) values. No significant differences between the
two CP trials were detected by repeated-measures
MANOVA in peak V
.
O2 (absolute and relative), HR, V
.
E,
and WL, as well as in BL (Table 1) and exercise time
(7.6 ± 0.50 minutes and 7.4 ± 0.58 minutes).
Criteria for V
.
O2max
Thirteen of the 30 test occasions (43.3% of the total
tests) demonstrated a plateau (within ± 150 mL·min−1)
J Exerc Sci Fit • Vol 9 • No 1 • 31–39 • 2011 33
G.B. Deakin et al.
in V
.
O2 towards the end of the test (Table 2). Three 
subjects satisfied this primary criterion in two or all 
of their tests. Six of the remaining seven subjects
demonstrated a plateau in at least one test, whilst 
five subjects recorded less than 200 mL·min−1
variation in V
.
O2.
The mean peak HR values for the CP Trial 1 and
Trial 2 and RP were 183.0 ± 10.6, 184.4 ± 10.6 and
187.5 ± 11.4 beats·min−1, respectively. The mean age-
predicted maximum HR for the 10 subjects was 194.8
± 6.8 beats·min−1. Four subjects recorded a single test
where their HR equaled or exceeded their age-predicted
maximum HR, three in the RP and one in the CP (13.3%
of the total number of tests). The remaining subjects
failed to achieve their age-predicted maximum HR in
any of the test occasions.
The BL for the CP Trial 1 and Trial 2 and the RP
were 11.5 ± 2.0, 11.3 ± 3.2 and 11.9 ± 1.6 mmol·L−1,
respectively. A total of 22 out of 28 test occasions
(78.5% of the total tests) recorded BL greater than
10 mmol·L–1, with four subjects recording greater
than 10 mmol·L−1 on all test occasions. Two test occa-
sions recorded invalid results due to sampling error.
The mean peak RER values for the CP Trial 1 and
Trial 2 and the RP were 1.26 ± 0.06, 1.28 ± 0.08 and
1.26 ± 0.07, respectively. All subjects had RER values
greater than 1.15, except one who had 1.13 in one of
the CP tests, for each test. A total of 96.6% of the tests
satisfied this criterion.
All participants terminated the tests due to voli-
tional exhaustion. However, among the 20 CP and 10
RP tests, the RPE showed a score of ≥ 18 in 22 tests
and a 17 in seven tests and a 16 in one test. The mean
RPE values for the CP Trial 1 and Trial 2 and the 
RP were 18.2 ± 1.14, 18.6 ± 0.97 and 18.6 ± 1.35,
respectively. A total of 73.3% of the tests satisfied this
criterion.
Overall, nine of the 10 subjects satisfied two or
more of the secondary criteria.
Comparison between the CP and RP
The descriptive statistics for peak V
.
O2 (absolute and
relative), HR, WL, V
.
E, BL, and RPE obtained from the
CP (mean of Trial 1 and Trial 2) and the RP, and
Pearson’s product moment correlation coefficients for
the relationships between the CP and RP are pre-
sented in Table 3. The correlation coefficients between
the test variables for the CP and RP ranged from 0.75
to 0.98, all achieved p < 0.01 level, except the RER
which was at p < 0.05 level.
There was no significant difference between the
two types of protocols in peak V
.
O2 values when
expressed in either absolute or relative terms. Five
subjects recorded higher V
.
O2 values for the CP than
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Table 1. The mean ± standard deviation, ICC and TEM (absolute and relative) values for peak V
.
O2 (absolute and relative), WL,
HR, V
.
E and BL obtained from the CP Trial 1 and Trial 2
Trial 1 Trial 2 TEM %TEM ICC
Peak V
.
O2
Absolute (L·min−1) 3.94 ± 0.60 3.93 ± 0.63 0.17 4.35 0.96
Relative (mL·kg−1·min−1) 55.7 ± 4.9 55.5 ± 4.9 1.87 3.36 0.84
Peak HR (beats·min−1) 183.0 ± 10.6 184.4 ± 10.6 3.8 2.05 0.87
Peak WL (W) 317.0 ± 65.0 322.0 ± 56.0 15.1 4.70 0.94
Peak V
.
E (L·min−1) 138.7 ± 21.1 142.2 ± 25.3 6.92 4.93 0.91
Post-exercise BL* (mmol·L−1) 11.5 ± 2.0 11.3 ± 3.2 1.44 12.10 0.55
*Data based on eight subjects (two subjects recorded invalid results for one of the CP trials).
Table 2. Summary of tests in compliance with the criteria for attained peak V
.
O2
Criterion RP (% of tests, n = 10) CP (% of tests, n = 20) Total % of tests satisfied criteria
V
.
O2 plateau* 70 30 43.3
RER ≥ 1.15 100 95 96.6
HR ≥ age max. 30 5 13.3
BL ≥ 10 mmol·L−1 90 72† 78.5
RPE ≥ 18 80 70 73.3
*Criterion for V
.
O2 plateau ≤ ±150 mL·min−1 (30 second mean value); †two blood samples were invalid in the CP trials, n = 18. RP = incremen-
tal resistance protocol, n = 10; CP = incremental cadence protocol, each participant completed two trials, n = 20.
the RP, whilst three recorded lower values and two
showed the same values (i.e., < 1% difference).
A significantly higher peak HR (187.5 ± 11.4
beats·min−1) was found in the RP than in the CP
(183.9 ± 10.5 beats·min−1). Seven of the 10 subjects
recorded higher peak HR in RP than in CP whilst the
remaining three recorded lower values.
A significantly higher peak WL was achieved in the
RP (375.1 ± 67.3 W) than the CP (319.9 ± 60.2 W). Nine
of the 10 subjects recorded lower peak WL for the CP
than the RP, while one subject achieved a slightly higher
peak WL for the CP than the RP. In relation to the WL,
there was a significant difference in the time duration of
the two protocols, with the RP recording a mean time of
11.5 ± 0.50 minutes and the CP 7.5 ± 0.58 minutes. The
longest testing duration reached by a subject in the CP
was 9 minutes, with seven of the 10 subjects reaching
8 minutes. Two subjects reached 16 and 17 minutes in
the RP. These two subjects were the second (91.3kg) and
third (83.5 kg) heaviest subjects. Seven of the remaining
eight subjects exercised for 10–12 minutes.
There was no significant difference between the peak
V
.
E values for the RP (143.0 ± 27.1L·min−1) and the CP
(140.5 ± 22.8L·min−1), or between the BL values (11.9 ±
1.6mmol·L−1 vs. 11.4 ± 2.1mmol·L−1, respectively). The
RER (RP: 1.26 ± 0.07; CP: 1.27 ± 0.06) and RPE (RP:
18.6 ± 1.35; CP: 18.4 ± 0.94) also showed no significant
differences between the two protocols.
Discussion
The absolute V
.
O2max of CP tests exhibited a high
test–retest reliability coefficient (0.96), which is similar
to those reported for incremental resistance cycle
ergometer protocols in both our (Zhou & Weston
1997) and other laboratories (Smith & Pickard 1998).
The present finding is also consistent with reliability
coefficients of between 0.94 and 0.96, as reported in
the literature for treadmill running V
.
O2max protocols
utilizing slope and speed increments (Davies et al.
1984; Kelly et al. 1980; McArdle et al. 1973).
The finding of no significant difference between
the CP Trial 1 and Trial 2 for any of the variables,
including V
.
O2, HR, and V
.
E over the experimental dura-
tion, indicates that the metabolic cost of the tests at
both maximal and submaximal levels were similar. In
addition, the high degree of reliability is also reflected
in the similar time duration for the tests. However,
most reports in the literature have generally focused
on the reliability coefficients for peak V
.
O2 even though
other variables such as peak HR, V
.
E, WL and BL were
measured. Therefore, it was not possible to compare
with other studies for the reliability coefficients of
those variables.
The degree of reliability of a test is dependent on
the influence of measurement error (Thomas & Nelson
1996). The two main sources of measurement error
are biological variation and technical error (Katch et al.
1982). Biological variation refers to the variation in
performance that is caused by the subject who is not
able to reproduce the same performance level under
the same test conditions. Factors that have been iden-
tified as contributing to biological variation are fatigue,
dehydration, training, motivation level and familiariza-
tion with the test items (Smith & Pickard 1998).
Precautions were taken in this study to limit the
influence of these factors, with all tests being carried out
under controlled environmental conditions, adequate
rest periods (> 5 days) being provided between testing
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Table 3. The mean ± standard deviation values and Pearson’s product moment correlation coefficients (r) between peak V
.
O2
(absolute and relative), WL, HR, V
.
E and BL values obtained from the CP (mean of the two trials) and the RP
CP RP r
Peak V
.
O2
Absolute (L·min−1) 3.93 ± 0.61 4.02 ± 0.78 0.973†
Relative (mL·kg−1·min−1) 55.6 ± 4.7 56.7 ± 5.4 0.840†
Peak HR (beats·min−1) 183.9 ± 10.5 187.5 ± 11.4* 0.907†
Peak WL (W) 319.9 ± 60.2 375.1 ± 67.3* 0.874†
Peak V
.
E (L·min−1) 140.5 ± 22.8 143.0 ± 27.1 0.943†
Post-exercise BL (mmol·L−1) 11.4 ± 2.1 11.9 ± 1.6 0.817†
RER 1.27 ± 0.06 1.26 ± 0.07 0.753‡
RPE 18.4 ± 0.94 18.6 ± 1.35 0.984†
*RP > CP, p < 0.05; †p < 0.01 (2-tailed); ‡p < 0.05 (2-tailed).
sessions and familiarization sessions undertaken prior
to testing. Although subjects’ motivation was not as
easily controlled, consistent encouragement was given
for best performance during the tests.
In this study, the TEM was used to assess the preci-
sion of measure. Because high precision corresponds
to low variability in successive measurements, the
lower the value of TEM, the higher the level of preci-
sion (Norton & Olds 1996). The combined biological
variability and technical error for V
.
O2max, as reported
by Katch et al. (1982), was ± 5.6%. The relative TEM of
4.35% for absolute V
.
O2max as found in our study com-
pares favorably with their finding.
Blood lactate was the only variable that recorded a
substantially higher relative TEM value compared to
other variables. However, approximately 50% of the
variation in the TEM values for BL can be explained by
a large variation in the test scores of one subject. If the
data from this subject were rejected, the absolute TEM
value for BL would have been reduced from 1.44 to
0.71 mmol·L−1, whilst the relative TEM value would
have been reduced from 12.10% to 5.97%. Further, the
ICC would have increased from 0.55 to 0.85, indicat-
ing a higher degree of reliability. The variation in BL
may also relate to individual differences in the rate of
diffusion and clearance post exercise (Gass et al.
1981). A limitation of this study was that the blood
samples were taken at the same time that could not be
confirmed to be the peak post exercise BL value for
each participant due to the individual difference.
The criteria generally accepted for ascertaining if a
person has attained maximum oxygen consumption
can be divided into two parts. One part is the primary
criterion, which refers to where the subject displays a
plateau or even a decrease in oxygen uptake with fur-
ther increment of workload. A frequently used crite-
rion in the literature for reaching the plateau is a
variation of less than ± 150 mL·min−1 in oxygen
uptake with an increase in workload, although a wider
range from ± 50 to 250 mL·min−1 has also been used
(Midgley et al. 2007; Howley et al. 1995).
The other part of the criteria is made up of several
secondary criteria, which are used to help identify that
a subject has been working maximally if a plateau in
V
.
O2 is not observed. The four commonly used second-
ary criteria include RER ≥ 1.15, blood lactate level ≥
10 mmol·L−1, heart rate ≥ the age-predicted maximum,
and volitional exhaustion (Howley et al. 1995; Sleivert
& Wenger 1993). It has been generally accepted that
not every subject can satisfy each criterion in every test
occasion (Midgley et al. 2007; Bassett & Howley 2000).
The validity of some of these criteria may be debatable.
For example, the peak HR found in this study, in both
CP and RP tests, was consistently lower than the age-
predicted maximum HR using the method of “220
minus age”. Tanaka et al. (2001) have demonstrated
that this method may overestimate the maximum HR
for young adults and underestimate that for older pop-
ulations. If the individual difference is considered, the
standard deviation for the age-predicted maximum HR
could be up to ± 11 beats·min−1 (Tanaka et al. 2001).
The peak HR found in this study would all fit within
the 95% confidence interval of the prediction (i.e., 2
SD = ± 22 beats·min−1). Our data appear to support
the concerns raised in the literature on the validity of
these criteria (Midgley et al. 2007). However, the main
aim of this study was to determine the test–retest relia-
bility of the CP under the same experimental conditions.
Therefore, with an understanding of the limitations, all
criteria as suggested above were evaluated, and V
.
O2max
was considered to have been reached if either the pri-
mary criterion or two of the secondary criteria were
satisfied for a given test.
Although a large number of cycle V
.
O2max protocols
have been proposed and evaluated (Bentley et al.
2007; Zhang et al. 1991; McKay & Banister 1976;
Hermansen & Saltin 1969), there have been few inves-
tigations that have compared an incremental cadence
protocol with an incremental resistance protocol for
determining V
.
O2max. In addition, the pros and cons of
an incremental cadence protocol compared to the
more traditionally used incremental resistance proto-
col need to be addressed.
Whilst similar WL and V
.
O2 values were recorded at
the submaximal levels of 50% and 75% of exercise
time (normalized to the total time duration of the exer-
cise), the peak WL values were notably different (RP
375.1 ± 67.3 W and CP 319.9 ± 60.2 W), yet the pro-
tocols yielded similar peak V
.
O2 values. This finding is
consistent with the previous investigation of Banister
and Jackson (1967) who demonstrated that oxygen
uptake measured at lower power outputs, with higher
pedaling frequencies but lower resistances, was equiv-
alent to that measured at much higher power outputs
with slower pedaling frequencies but higher resistances.
The physiological basis for the similar peak V
.
O2,
however different peak WL, is the inefficiency of the
cycling at higher cadences. Efficiency refers to the ratio
of useful work performed to the energy expense during
this time period (Faria et al. 2005). At high cadences,
more energy is needed just to move the legs (internal
resistance) before any external work is accomplished
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(Gaesser & Brooks 1975). The internal resistance refers
to the viscous friction of the musculoskeletal system,
which increases with the speed of contraction, thereby
decreasing the efficiency of the pedaling action as speed
of the movement becomes greater (Gaesser & Brooks
1975). Subsequently, as the inefficiency of the move-
ment increases with increased pedal rate, an increased
oxygen uptake is required to meet the increased
energy demand.
Even though the efficiency of the CP and RP were
not investigated in this study, the effect of increased
cadence on cycling economy appeared to be different
to a constant cadence with increasing resistance. The
cycling economy refers to the level of oxygen con-
sumed at a given workload (Thoden 1991), and the
higher the oxygen consumption, the worse in econ-
omy. The Figure highlights that as the WL increased
the trend line for the CP moved progressively further
away from that of the RP and at a greater rate. This
indicates worsening economy at any given WL for 
the CP above the intersection point of the two trend
lines.
It is also worth noting that in the Figure, displaying
the data from one subject, the trend lines intersect at a
WL that corresponds to a cadence of 90 rpm for the
CP. Therefore, it would appear that at cadences above
this level, the economy (and presumably efficiency) of
the movement declines as the speed of the movement
increases in this subject. Nine of the 10 subjects in this
study showed such an intersection that occurred at
100.6 rpm on average. Findings similar to this study, in
respect of changes in exercise economy, have also
been reported for treadmill running protocols with
incremental speed or slope (Davies et al. 1984).
It is generally accepted that during incremental work-
loads, stroke volume reaches a plateau at approximately
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Fig. Typical relationship between the cycling economy and
workload in the CP (•) (mean of the two trials) and RP (•).
40–50% of peak V
.
O2 level, with further increases in
cardiac output achieved by an increase in HR (Moore
et al. 2008; Åstrand & Rodahl 1986). It would be antic-
ipated that the same level of HR would have been
achieved when reaching the same level of V
.
O2 for a
given exercise mode. However, this was not evident in
this study as a significant difference in peak HR was
found between the CP and RP. This difference may result
from the impact of progressive increments of cadence.
It has been reported that the optimal cadence in respect
of efficiency for a given workload increases with resis-
tance (Coast & Welch 1985). Further, the literature in-
dicates that by maintaining a constant cadence with
increasing resistance as was used in the RP, more force
is progressively required to be exerted on the pedals
(Sargeant 1994). Consequently, with prolongation of the
contraction phase of the contraction–relaxation cycle,
there is an increase in intramuscular pressure and hence
greater resistance to blood flow (Hoes et al. 1968). These
would reduce venous return resulting in a reduction in
stroke volume and a compensatory increase in heart
rate in order to maintain the required level of cardiac
output (Hermansen et al. 1970). This effect may explain
the difference in HR responses between the protocols.
A reduced intramuscular pressure and increased effec-
tiveness of the skeletal muscle pump would be experi-
enced in the CP due to increased frequency of muscle
contraction and relaxation, resulting in a facilitation of
muscle blood flow and venous return (Gotshall et al.
1996), hence a lower HR to maintain cardiac output dur-
ing the final stages of the CP. This effect of cadence on
venous return and cardiac output was demonstrated by
Gotshall et al. (1996), who investigated the effects of
changes in cadence on exercise hemodynamics. They
reported that stroke volume was enhanced as cadence
was increased.
The peak V
.
O2 is dependent on high levels of pul-
monary ventilation and a strong correlation exists
between peak V
.
E and V
.
O2 (Åstrand & Rodahl 1986). The
present findings support this relationship, as no signifi-
cant difference was found between the CP and RP for
V
.
E, which corresponds with the finding for peak V
.
O2.
It is expected that with the incremental workload,
particularly the resistance in cycling, there is an in-
creased recruitment of fast twitch motor units that leads
to an increased lactate production. Therefore, it was
expected that lower levels of BL would be found during
the increasing cadence protocol if lower force levels were
required (Böning et al. 1984). However, no significant
difference was found between the CP and RP for post-
exercise BL even though a significant difference in peak
WL was found. The failure to find a difference in BL lev-
els between the CP and RP may be explained in part
by the inefficiency of pedaling at progressively higher
cadences (Marsh & Martin 1993). Consequently, given
the final cadence levels achieved by the majority of the
subjects for the CP (140–150 rpm), it is possible that
the inefficiency and physiological cost of this level of
pedaling outweighs the reduced pedal forces that
accompany high cadences, thereby producing levels of
BL similar to the RP at a lower cadence level. This is
consistent with the findings of Löllgen et al. (1980)
that outlined that the ratio of peak pedal force to the
maximal force at each cadence gradually increases
with rising cadence. This finding implies that pedaling
at higher cadences does not necessarily lead to a
decrease in effort required to turn the pedals.
The factor of 2.75 W per kilogram of gross body
mass was used to set the initial workload of CP in this
study. This protocol appeared to be valid and over-
came the problem experienced in prior investigations,
that being the cadence outstripping the resistance at
higher cadences (Francis et al. 1989).
The workload in the RP increased by 25 W each
step, resulting in an overall increase of 250.1 ± 67.3 W
over the test duration. However, for the CP the in-
crease of 124.5 ± 28.1 W was notably less than that of
the RP. The peak WL achieved in the CP (319.9 ±
60.2 W) was equivalent to 85.5% of that in the RP
(375.1 ± 67.3 W). The smaller span of wattage incre-
ments in the CP was due to the higher initial workload,
as relative to each subject’s body mass, and shorter
time duration to exhaustion for the CP (7.5 ± 0.58
minutes) as compared to the RP (11.5 ± 0.50 minutes).
The initial workload for the CP, as a percentage of
the peak workload achieved by each subject, was 61.1
± 2.9%, ranging from 57.6% to 65.7%. In contrast, the
corresponding mean initial starting workload for the
RP was 34.1 ± 5.6%, ranging from 24.5% to 43.7%,
thereby indicating that not only did subjects start at a
lower percentage of their peak WL in the RP but also
that there was a greater variation in the initial work-
loads because of body mass.
The results of this study demonstrated that the
incremental cadence protocol is reliable and valid to
elicit V
.
O2max in trained recreational cyclists. It appears
to be able to reach the same level of peak V
.
O2 as that
determined in a traditional incremental resistance pro-
tocol with a lower peak workload. However, whether
the incremental cadence protocol is valid and reliable
in detecting lactate or ventilator threshold is unknown
and requires further investigation.
Conclusions
There was no significant difference between the incre-
mental cadence and incremental resistance protocols
in respect of peak V
.
O2, V
.
E, or BL achieved during test-
ing. The results indicate that the incremental cadence
protocol is equally effective in eliciting V
.
O2max as the
incremental resistance protocol and is a reliable
method of measuring V
.
O2max in trained recreational
male cyclists. The issue in the past of the cadence out-
stripping the resistance provided by the cycle ergome-
ter can be overcome by incorporating a proper factor
for setting the resistance relative to subjects’ body
mass, for example 2.75 W per kilogram of gross body
mass as used in this study.
References
Åstrand PO, Rodahl K (1986). Textbook of Work Physiology: Physiological
Bases of Exercise. McGraw-Hill International Editions, New York, 
pp. 127–272.
Banister EW, Jackson RC (1967). The effect of speed and load changes on
oxygen intake for equivalent power outputs during bicycle ergome-
try. Eur J Appl Physiol 24:284–90.
Bassett DR Jr, Howley ET (2000). Limiting factors for maximum oxygen
uptake and determinants of endurance performance. Med Sci Sports
Exerc 32:70–84.
Bentley DJ, Newell J, Bishop D (2007). Incremental exercise test design
and analysis: implications for performance diagnostics in endurance
athletes. Sports Med 37:575–86.
Böning D, Gönen Y, Maassen N (1984). Relationship between work load,
pedal frequency, and physical fitness. Int J Sports Med 5:92–7.
Borg G, Hassmén P, Lagerström M (1987). Perceived exertion related to
heart rate and blood lactate during arm and leg exercise. Eur J Appl
Physiol 56:679–85.
Brisswalter J, Bieuzen F, Giacomoni M, Tricot V, Falgairette G (2007).
Morning-to-evening differences in oxygen uptake kinetics in short-
duration cycling exercise. Chronobiol Int 24:495–506.
Coast JR, Welch HG (1985). Linear increase in optimal pedal rate with
increased power output in cycle ergometry. Eur J Appl Physiol 53:
339–42.
Davies B, Daggett A, Jakeman P, Mulhall J (1984). Maximum oxygen
uptake utilising different treadmill protocols. Br J Sports Med 18:
74–9.
Faria EW, Parker DL, Faria IE (2005). The science of cycling: physiology
and training—part 1. Sports Med 35:285–312.
Foss Ø, Hallén J (2004). The most economical cadence increases with
increasing workload. Eur J Appl Physiol 92:443–51.
Francis KT, McClatchey PR, Sumsion JR, Hansen DE (1989). The relation-
ship between anaerobic threshold and heart rate linearity during
cycle ergometry. Eur J Appl Physiol 59:273–7.
Gaesser GA, Brooks GA (1975). Muscular efficiency during steady-rate
exercise: effects of speed and work rate. J Appl Physiol 38:1132–9.
Gotshall RW, Bauer TA, Fahrner SL (1996). Cycling cadence alters exer-
cise hemodynamics. Int J Sports Med 17:17–21.
Gass GC, Rogers S, Mitchell R (1981). Blood lactate concentration following
maximum exercise in trained subjects. Br J Sports Med 15:172–6.
Hagberg JM, Mullin JP, Giese MD, Spitznagel E (1981). Effect of pedaling
rate on submaximal exercise responses of competitive cyclists. 
J Appl Physiol 51:447–51.
38 J Exerc Sci Fit • Vol 9 • No 1 • 31–39 • 2011
Hermansen L, Saltin B (1969). Oxygen uptake during maximal treadmill
and bicycle exercise. J Appl Physiol 26:31–7.
Hermansen L, Ekblom B, Saltin B (1970). Cardiac output during submax-
imal and maximal treadmill and bicycle exercise. J Appl Physiol 29:
82–6.
Hoes MJAJM, Binkhorst RA, Smeekes-Kuyl AEMC, Vissers ACA (1968).
Measurement of forces exerted on pedal and crank during work on 
a bicycle ergometer at different loads. Eur J Appl Physiol 26:33–42.
Howley ET, Bassett DR Jr, Welch HG (1995). Criteria for maximal oxygen
uptake: review and commentary. Med Sci Sports Exerc 27:1292–301.
Katch VL, Sady SS, Freedson P (1982). Biological variability in maximum
aerobic power. Med Sci Sports Exerc 14:21–5.
Kelly JM, Serfass RC, Stull GA (1980). Elicitation of maximal oxygen uptake
from standing bicycle ergometry. Res Q Exerc Sport 51:315–22.
Lepers R, Millet GY, Maffiuletti NA, Hausswirth C, Brisswalter J (2001).
Effect of pedalling rates on physiological response during endurance
cycling. Eur J Appl Physiol 85:392–5.
Löllgen H, Graham T, Sjogaard G (1980). Muscle metabolites, force, and
perceived exertion bicycling at varying pedal rates. Med Sci Sports
Exerc 12:345–51.
Lucía A, Hoyos J, Chicharro JL (2001). Preferred pedalling cadence in pro-
fessional cycling. Med Sci Sports Exerc 33:1361–6.
Marsh AP, Martin PE (1993). The association between cycling experience
and preferred and most economical cadences. Med Sci Sports Exerc
25:1269–74.
McArdle WD, Katch FI, Pechar GS (1973). Comparison of continuous and
discontinuous treadmill and bicycle tests for max V
.
O2. Med Sci
Sports 5:156–60.
McKay GA, Banister EW (1976). A comparison of maximum oxygen
uptake determination by bicycle ergometry at various pedaling 
frequencies and by treadmill running at various speeds. Eur J Appl
Physiol 35:191–200.
Midgley AW, McNaughton LR, Polman R, Marchant D (2007). 
Criteria for determination of maximal oxygen uptake: a brief critique
and recommendations for future research. Sports Med 37:1019–28.
Moore JL, Shaffrath JD, Casazza GA, Stebbins CL (2008). Cardiovascular
effects of cadence and workload. Int J Sports Med 29:116–9.
Norton K, Olds T (1996). Anthropometrica. University of New South
Wales Press, Sydney, pp. 78–96.
Rossato M, Bini RR, Carpes FP, Diefenthaeler F, Moro ARP (2008).
Cadence and workload effects on pedaling technique of well-trained
cyclists. Int J Sports Med 29:746–52.
Sargeant AJ (1994). Human power output and muscle fatigue. Int J Sports
Med 15:116–21.
Sleivert GG, Wenger HA (1993). Physiological predictors of short-course
triathlon performance. Med Sci Sports Exerc 25:871–6.
Smith D, Pickard R (1998). Protocols for the physiological assessment of
high performance triathletes. In: Gore CJ (Ed.), Test Methods Manual:
Sport Specific Guidelines for the Physiological Assessment of Elite
Athletes. Australian Sports Commission, Bruce, Australian Capital
Territory, pp. 30–8.
Tanaka H, Monahan KD, Seals DR (2001). Age-predicted maximal heart
rate revisited. J Am Coll Cardiol 37:153–6.
Thoden JS (1991). Testing aerobic power. In: MacDougall JD, Wenger HA,
Green HJ (Eds.), Physiological Testing of the High-performance Athlete.
Human Kinetics Books, Champaign, IL, pp. 107–74.
Thomas JR, Nelson JK (1996). Research Methods in Physical Activity.
Human Kinetics, Champaign, IL.
Zhang YY, Johnson MC, Chow N, Wasserman K (1991). Effect of exercise
testing protocol on parameters of aerobic function. Med Sci Sports
Exerc 23:625–30.
Zhou S, Weston SB (1997). Reliability of using the D-max method to
define physiological responses to incremental exercise testing.
Physiol Meas 18:145–54.
J Exerc Sci Fit • Vol 9 • No 1 • 31–39 • 2011 39
G.B. Deakin et al.
